Experiments were conducted to investigate the effects of rotation and aspect ratio on the convective heat transfer of radially outward air flows in rotating rectangular ducts with a uniform wall heat flux by using fiberglass duct walls lined with separated film heaters. The duct hydraulic diameter, heater active length, and mean rotation radius were 4, 120, and 180 mm, respectively. Ranges of parameters were through-flow Reynolds number, 1,000-15,000; rotation number, 0-0.32; rotational buoyancy parameter, 0-1.2; and cross-sectional aspect ratio, 0.5, 1.0, and 2.0. The results showed that the higher the rotation number, the greater the enhancement ofthe heat transfer rate especially at the pressure side. The rotational buoyancy parameter decreases the heat transfer for low Re but enhances the heat transfer for high Re. The largest heat transfer enhancement is seen for AR 1.0, and the enhancement for AR 0.5 is greater than that for AR 2.0.
HE study of internal convective heat transfer in rotating ducts is becoming of great significance for engineers because of its potential applications in industry: e.g., cooling of turbine blades and cooling of electrical machinery. Increasing the turbine entry temperature is especially required to improve the thermodynamic efficiency and to reduce the specific fuel consumption for the compact design ofadvanced gas turbine engines. Increasing the power output of electrical machinery is via the increases in the electrical and magnetic loadings in the stator and rotor of machine. Moreover, high operating temperature might cause material degradation on rotating components and excess ohm loss in electrical conductors; thus efficient internal convective cooling technology introduced by flows in radially rotating duct is increasingly important. In a radially rotating heated rectangular duct the flow structure and the heat transfer mechanism are simultaneously influenced by the rotation and the duct geometry. Many investigations on the effects of rotation and duct geometry on flow and internal heat transfer have been reported over these years.
By obtaining an approximate series solution from a perturbation equation in a rotating pipe flow, Barua [1955] showed that two counter-rotating vortices induced by Coriolis acceleration appear symmetrically in the duct. Mori et al. [1968] studied the laminar convective heat transfer in radially rotating circular ducts by assuming velocity and temperature boundary layer profiles along the pipe wall. Subsequently, by using the same techniques, Mori et al. [1971] analyzed the turbulent convective heat transfer in a circular pipe. Table I lists recent experimental investigations on the internal convective heat transfer in radially rotating ducts. Under uniform wall temperature conditions, Wagner et al. [1991a, 1991b] investigated the local heat transfer .of radially outward and inward flows in rotating serpentine passages with smooth walls. Buoyant flow is found to be favourable for heat transfer for both pressure and suction sides. However, the increase in heat transfer for the inward-flowing passage was relatively less than that for outward flow. Morris and GhavamiNasr 1991] observed that centrifugal buoyancy is shown to influence the heat transfer response in a rectangularsectioned duct. Heat transfer is improved on pressure and suction sides as the wall-to-coolant temperature difference is increased for radially rotating outward flows. Han and Zhang [1992] To increase the effects ofrotation on internal heat transfer in the rotating ducts, lightweight and high-strength test sections were built for the requirement of high rotational speed up to 3,000 rpm. The interior wall surfaces of duct section were lined with separated stainless-steel film heaters of 0.01-mm thickness for the uniform wall heat flux. The purpose of his study was to investigate the effects of forced flow, rotation, and aspect ration on the convective heat transfer ofradially outward flows in heated rotating rectangular ducts. The aspect ratio used were 0.5, 1.0, and 2.0. Regional average Nusselt numbers on the pressure side, the suction side, and the side walls were obtained.
GOVERNING PARAMETERS
The physical model and coordinates, as shown in Fig. 1 Tto ( were used for indicating the coolant flow rate. A 0.3-mm type-T thermocouple was located at the duct inlet to measure the inlet coolant bulk temperature. A mixing chamber with staggered rod bundles was attached to the exit plane for providing a well-mixed condition for outlet bulk temperature measurement by using another thermocouple set behind the mixing chamber. Glass-fiber, reinforced plastic with a low thermal conductivity (0.048 W/mC) for reducing heat loss was used for smooth duct walls. Four pieces of 0.01-mm thickness stainless-steel film heaters, heated by electrical power supplier through slip rings, were attached separately to each interior wall surface of the duct. At a certain axial location, the wall surface temperatures were measured via thermocouples which were firmly attached to copper blocks. Morcos and Bergles [1975] Fig. 3 . The test assembly was encased in an elliptical aluminum tube with the internal void space filled with insulating ceramic cotton and was subsequently bolted on the rotating shafts so that the duct axis was perpendicular to the shaft axis. The whole model was installed in a test cell enclosed by a support frame with safety-glass plates and ventilation openings, and it was driven by a controlled electric motor.
An inverter which adjusted the electric current frequency was used for controlling the rotational speed detected by a photoelectric tachometer. A slip ring located at the other end of the shaft was to transmit the detected data from the thermocouples to a recorder, as shown in Fig. 2 hx was evaluated as the ratio of the net heat flux qnet,x to the temperature difference between the heated wall temperature Tw,x and the coolant bulk temperature Tb,x: i.e., hx qnet,x/(Tw,x Tb,x). The net heat flux imposed on the coolant by convection was obtained by subtracting the external heat loss from the electric power supplied to the heater. The external heat losses were attributed to both conduction to the structure support and convection to the ambient air, and were estimated under no-flow condition by measuring heater power setting over ranges of wall temperature. The no-flow condition was achieved by filling insulation material in the channel. Based on a thermodynamic energy balance, the rise of local coolant bulk temperature was determined step by step from the inlet coolant temperature by adding the net heat flux to the coolant along the duct.
Invoking the root-sum-square method introduced by Kline and McClintock [1953] showed in the present study that the estimated uncertainties in calculating Nusselt number were mainly affected by the local wall-to-coolant temperature and the net heat flux added to coolant from each wall. The measured variables and their uncertainties in the measurement could be expressed as: Xi Xi (measured) Fig. 5 shows that for the higher Reynolds number the Nusselt number is approximately within 10 percent of that of Dittus-Boelter 1930] .
However, the higher Nusselt number at x /Dh 25.0 was affected by the discontinuity of the uniform heat flux thermal boundary condition at the duct exit region.
Figures 6(a), (b) and (c) indicate the effects of rotation on heat transfer along the test section for selected through-flow Reynolds numbers with aspect ratios 0.5, 1.0, and 2.0, respectively. It is noted that the Nusselt number ratios at the pressure side were always greater than those at the suction side but this trend was attenuated with the higher Reynolds number. This was in agreement with the results of Mori et al. [1968, 1971] that rotational heat transfer enhancement for laminar flow, in general, was more prominent than that for turbulent flow. The different behaviors on heat transfer over the pressure side and the suction side were due to the Coriolis-induced secondary cross streams in the form of a vortex pair which impinged toward the pressure side, then caused a return flow which carried already heated, relatively quiescent fluid from the pressure side and side walls to near the suction side. At higher rotation rate the strength of the Coriolis-induced cross streams was more intensified and this trend was more noticeable than that at lower rotation rate. It is also seen that the Nusselt number ratios at both pressure and suction sides dropped near duct outlet for most cases under study.
This was due to the increase of Nu0 near exit as shown in Fig. 5 . For the effect of duct aspect ratio, large aspect ratio (long side aligned with the Coriolis force) gave larger short side direction Coriolis force gradient, but yielded a greater cross-sectional flow resistance. Due to the combination of these two effects, the largest heat transfer enhancement was seen for the case of AR 1.0, and the enhancement for AR 0.5 is greater than that for AR 2.0. For some cases, the heat transfer was depressed on the suction side because of the stabilizing effect of the vortex motion on the main flow disturbances. Considering the effect of the Coriolis-induced cross streams on the main flows, Fig. 7 To investigate the geometry effect of cross-sectional aspect ratio, Fig. 8 demonstrates the influence of aspect ratio 0.5, 1.0, and 2.0 on the Nusselt number ratios. The results show that the enhancement of the Nusselt number ratios for the case of AR 1.0 was always highest, and the enhancement for the case of AR 0.5 was higher than that for AR 2.0. This was due to the combination effect of weak long side Coriolis force gradient for low AR and high flow resistance for high AR. These phenomena can also be observed in heated horizontal rectangular ducts (Cheng and Hwang [1969] and curved channels (Cheng and Akiyama 1970] . The depression of heat transfer on the suction side was also seen for small Ro case. By definition the rotational buoyancy parameter is affected by the rotation number, wall-to-coolant temperature, eccentricity, and local positions. To highlight the salient feautres of the centrifugal-buoyant radial secondary flows, three outlet-to-inlet bulk temperature differences, Tb,o Tb,i 15.0, 30.0, and 45.0C, were selected while other operating parameters were held constant during each measurement. Figs. 9(a), (b) , and (c) illustrate the results of the variations of Nusselt number ratios with rotational buoyancy parameters at axial location of x/Dh 17.5 and for aspect ratios 0.5, 1.0, and 2.0, respectively. As the rotation number was fixed, it was found that increasing the rotational buoyancy parameter decreased the Nusselt number ratios at both the pressure side and suction side for low Reynolds number flows Re 1,000, but the trend was reversed for Re 4,000. Then, these trends were diminished for higher Reynolds number. These phenomena can be found from analyzing the mixed convection of the buoyancy-induced opposing flows in a vertical heated tube for both constant wall temperature and uniform wall heat flux: the buoyancy forces tend to decrease the laminar heat transfer rate while they increase the turbulent heat transfer rate (Abdelmeguid and Spalding [1979] ; Buhr et al. [1974] . With increasing the rotational buoyance parameters, the depressed effect on heat transfer agree with those proposed by Morris and 
CONCLUSION
The investigation has presented rotation effects, Coriolisinduced cross streams, and centrifugal-buoyant radial secondary flows, on convective heat transfer of radially outward flows in rotating rectangular ducts with AR 0.5, 1.0, and 2.0. According to an analysis with a wall heat conduction parameter (Kp), four pieces of stainless-steel film heater of 0.01-mm thickness were separately lined with the interior wall surfaces of the fiberglass duct to obtain the nearly uniform wall heat flux boundary conditions. The results obtained and described in this experiment are presented as follows.
1. Due to rotation, the Coriolis-induced cross streams impinge directly toward the pressure side, then cause a return flow which carriers already heated, relatively quiescent fluid from the pressure side and side walls to near the suction side. Therefore, the Coriolis-induced cross streams create additional mixing to the main flows and enhance the heat transfer rate, especially at the pressure side. Also, the enhancement of heat transfer rate is gradually attenuated with increasing through-flow Reynolds number because of the effect of the turbulence becoming progressively larger than that induced by rotation. portant parameter to the internal convective heat transfer for radially rotating duct flows and a higher value can be obtained by either increasing the rotational speed or decreasing the through-flow Reynolds number. The higher the rotation number, the more intensified the strength of the Coriolis-induced cross streams and the more noticeable the enhancement of the heat transfer rate.
3. For high aspect ratio narrow duct, the short side Coriolis force gradient is large, but the Coriolis-induced cross streams are weakened by viscous force over the longer side walls. Therefore, due to the combination of these two effects, the heat-transfer enhancement on the pressure side for the largest for AR 1.0 and the enhancement for AR 0.5 are larger than that for AR 2.0. For some cases, the heat transfer is depressed on the suction side because Re-14,000 P.S. (a) of the stabilizing effect of the vortex motion on the main flow disturbances. 4. Varying the difference of the outlet-to-inlet air bulk temperature while other operating parameters were held constant during the experiment, the increasing rotational buoyancy parameters made the heat transfer rate decrease for cases of Re 1,000 but increase for cases of Re 4,000, and these trends are then diminished for higher Reynolds numbers. These phenomena can be found for buoyancy-induced opposing flows in a vertical heated tube: the buoyancy effect decreases the laminar heat transfer rate but increases the turbulent heat transfer rate, and this trend is more pronounced for AR 0.5 and 2.0 than that for AR 1.0. Re-9200 Ro=0.006 Re= 3600
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